Lassa virus is endemic to West Africa and causes hemorrhagic fever in humans. To facilitate the functional analysis of this virus, a replicon system was developed based on Lassa virus strain AV. Genomic and antigenomic minigenomes (MG) were constructed consisting of the intergenic region of S RNA and a reporter gene (Renilla luciferase) in antisense orientation, flanked by the 5 and 3 untranslated regions of S RNA. MGs were expressed under the control of the T7 promoter. Nucleoprotein (NP), L protein, and Z protein were expressed from plasmids containing the T7 promoter and internal ribosomal entry site. Transfection of cells stably expressing T7 RNA polymerase (BSR T7/5) with MG in the form of DNA or RNA and plasmids for the expression of NP and L protein resulted in high levels of Renilla luciferase expression. The replicon system was optimized with respect to the ratio of the transfected constructs and by modifying the 5 end of the MG. Maximum activity was observed 24 to 36 h after transfection with a signal-to-noise ratio of 2 to 3 log units. Northern blot analysis provided evidence for replication and transcription of the MG. Z protein downregulated replicon activity close to background levels. Treatment with ribavirin and alpha interferon inhibited replicon activity, suggesting that both act on the level of RNA replication, transcription, or ribonucleoprotein assembly. In conclusion, this study describes the first replicon system for a highly pathogenic arenavirus. It is a tool for investigating the mechanisms of replication and transcription of Lassa virus and may facilitate the testing of antivirals outside a biosafety level 4 laboratory.
Arenaviruses belong to the segmented negative-strand RNA viruses. The genome of Lassa virus, like that of other arenaviruses, consists of two single-stranded RNA segments (33) . The small (S) segment is 3.4 kb in length, and the large (L) segment is 7 kb in length. Each segment contains two genes, one in sense orientation and one in antisense orientation, a coding strategy that is called ambisense (4) . The S RNA encodes the 75-kDa glycoprotein precursor (GPC) and the 63-kDa nucleoprotein (NP). GPC is posttranslationally cleaved into GP1 and GP2 (8) . The L RNA encodes the 11-kDa Z protein, which binds zinc and acts as a matrix protein (47, 55) , and the 200-kDa L protein, which is likely to function as the viral polymerase (34, 58) . The genes are separated on each RNA segment by an intergenic region (IGR) that predictably folds into a stable secondary structure.
The terminal 19 nucleotides at the 3Ј and 5Ј ends of the RNA segments are complementary to each other and are highly conserved among all arenaviruses. The termini are essential for replication and transcription (46) and are believed to function as a binding site of the viral polymerase. Replication and transcription of the genome occur in the cytoplasm of an infected cell and both take place within ribonucleoprotein complexes (20) . During genome replication, a full-length copy of genomic S and L RNAs is synthesized, yielding the corresponding antigenomic S and L RNAs. Due to the ambisense coding strategy, both genomic and antigenomic RNA serve as templates for the transcription of viral mRNA. The transcripts contain a cap but are not polyadenylated. They terminate within the IGR, suggesting that this element plays a role in transcription termination (37) .
Recently, reverse genetics techniques were established for LCMV and Tacaribe virus (31, 32) . While these minireplicon systems are still restricted in terms of rescue of genetically modified infectious viruses, they opened the possibility of studying the function of proteins and regulatory elements involved in RNA replication and transcription (30, 46, 48) . In particular, the function of Z protein has been studied in detail (12, 13, 27, 47) . A sophisticated selection strategy made it possible to generate the first infectious recombinant LCMV with the GPC gene replaced by the glycoprotein gene of vesicular stomatitis virus (49) . A reverse genetics system for a highly pathogenic arenavirus like Lassa virus has not yet been published.
In this article, we report the establishment of a minireplicon system for Lassa virus. The system is analogous to the minireplicon systems published for LCMV and Tacaribe virus in gross terms, but it differs in several technical aspects from the other systems. It is also demonstrated that the system is suitable to test antivirals against Lassa virus outside BSL-4 laboratories.
MATERIALS AND METHODS
Virus culture and reverse transcription-PCR. In the BSL-4 laboratory, Vero cells in several 75-cm 2 tissue culture flasks were inoculated with Lassa virus strain AV (24) at a multiplicity of infection of 0.01. After 4 days, the supernatant was cleared by low-speed centrifugation and virus was pelleted from the cleared material by ultracentrifugation with a TST 28.38/17 rotor (Kontron Instruments) at 25,000 rpm at 4°C overnight. The pellets were resuspended in 140 l of H 2 O plus 560 l of buffer AVL (QIAGEN, Hilden, Germany). Virus RNA was purified by using the QIAamp viral RNA kit (QIAGEN) according to the manufacturer's instructions. The purified RNA was reverse transcribed with Superscript II reverse transcriptase (Invitrogen) with virus-specific primers (see below), and the cDNA was amplified with the Expand high-fidelity PCR system (Roche) according to published protocols (24) .
Sequencing of Lassa virus genomic ends. The conserved 5Ј and 3Ј termini of S RNA of Lassa virus strain AV were sequenced as described previously (37) . In brief, purified virus RNA (5 l) was treated with 5 U of tobacco acid pyrophosphatase (Epicentre) to generate 5Ј monophosphorylated termini. These were ligated with the 3Ј termini with 10 U of T4 RNA ligase (Biolabs) at 17°C for 16 h. Reverse transcription and PCR were done across the 5Ј-3Ј junction, and the resulting PCR product of about 200 nucleotides was sequenced. The sequence data were sent to GenBank.
Construction of plasmids for protein expression. Initially, the expression vector pCITE-2/4, containing a T7 RNA polymerase promoter, an internal ribosomal entry site (IRES), a favorable KOZAK sequence with an NcoI restriction site at the translation initiation site, a poly(A) coding sequence, and a T7 RNA polymerase terminator, was constructed by combining the BsaI-SalI fragment of pCITE-2a (Novagen) with the SalI-BsaI fragment of pCITE-4a (Novagen). The control plasmid pCITE-FF-luc was constructed by releasing the firefly luciferase gene from pBI-GL (Clontech) and inserting it into pCITE-2a via the NcoI and XbaI sites.
The Z gene was reverse transcribed and amplified with primers LVLav-Z-N-terminus (GATCTACCCGGGATCCATGGGGAACAGACAAGCCAAA AAT; the AvaI and NcoI sites are underlined, the Z gene start codon is in boldface type) and LVLav-Z-C-terminus (GGAATTCGTCGACTTAGGGTG TGTATGGCGGGGGGTT; the SalI site is underlined) and cloned via the AvaI and SalI sites into pUC18. Several clones were sequenced, and a Z gene exactly matching the Lassa virus AV consensus sequence (GenBank accession no. AY179171) was subcloned via the NcoI and SalI sites into pCITE-2/4, resulting in pCITE-Z.
The NP gene was reverse transcribed and amplified with primers LVSav-NP-N-terminus (ATCGTGGATCCAGGTCTCTCATGAGTGCCTCCAAAGAAG TGAAA; the BamHI and BsaI sites are underlined, the NP gene start codon is in boldface type) and LVSav-NP-C-terminus (TCGATCTAGTCGACTTACAG GACGACTCTTGG; the SalI site is underlined) and cloned via the BamHI and SalI sites into pUC18. Several clones were sequenced, and an NP gene exactly matching the Lassa virus AV consensus sequence (GenBank accession no. AF246121) was released from the plasmid by BsaI and SalI digestion and subcloned into the NcoI and SalI sites of pCITE-2/4, resulting in pCITE-NP.
The cloning strategy for the L gene is shown in Fig. 1 . The L gene was reverse transcribed and amplified in three overlapping fragments with primers LVLav-N-terminus (GATCTCGCATGCTGGCCAGCTCTTCCATGGAGGAGGACA TAGCCTATGT; the SphI and SapI sites are underlined, the L gene start codon is in boldface type) and LVLav2704 Ϫ (TAATGCTGTGAGTTTGTTGAAGTC ATAGTT) for fragment L1, LVLav2298 ϩ (GAGACACCAGATAGACTGAC AGATCA) and LVLav5065 Ϫ (ATTTTCTTTATTTGGCCCCCGGACACA TTT) for fragment L2, and LVLav4288 ϩ (TAGATTTGTCGCAGAGTTTAAA TCTAGATT) and LVLav-C-terminus (CGGGGTACCGTCGACCTACTCAA TGTCCTCAACCTC; the SalI site is underlined) for fragment L3. Fragments L1, L2, and L3 were cloned into pUC18 via the SphI-PstI, PstI-AvaI, and HindIII-SalI sites, respectively. Several clones were sequenced and, if necessary, the sequence was converted to the Lassa virus AV consensus sequence by site-directed mutagenesis with the QuikChange kit (Stratagene). The final clones selected for the assembly of the full-length L gene matched the consensus sequence (GenBank accession no. AY179171) except for one silent G-A exchange at L gene position 1317. Fragments L2 and L3 were assembled by ligation of the AatII-BbvCI fragment of pUC-L2 with the BbvCI-AatII fragment of pUC-L3, resulting in pUC-L2-3. Fragment L1 was assembled with L2-3 by ligation of the AatII-PstI fragment of pUC-L1 with the PstI-AatII fragment of pUC-L2-3, resulting in pUC-L. The complete L gene was subcloned into pCITE-2a by ligation of the SapI-SapI fragment of pUC-L containing the L gene insert with the SapI-NcoI fragment of pCITE-2a. The correct sequence of pCITE-L was ascertained by sequencing.
A 3ϫ FLAG sequence was fused with the 3Ј ends of the NP and L genes by amplification of the whole pCITE-NP and pCITE-L plasmids, respectively, with the Expand high-fidelity PCR system. The PCR primers bound upstream and downstream of the 3Ј end of the gene, were 5Ј phosphorylated, and contained heterologous tails coding for a 3ϫ FLAG sequence. Circularization of the PCR fragments by blunt-end ligation of the primer tails resulted in plasmids pCITE-NP_C-flag and pCITE-L_C-flag, expressing NP and L protein, respectively, tagged with three FLAG epitopes at the C terminus. The 5Ј ends of the NP and L genes were fused with a 3ϫ FLAG sequence in an analogous way with primers binding upstream and downstream of the 5Ј end of the gene. expressing NP and L protein, respectively, tagged with three FLAG epitopes at the N terminus.
Construction of Lassa virus MGs. Lassa virus minigenomes (MGs) were constructed on the basis of vector pX12⌬T (7) (kindly provided by Ursula Buchholz and Karl-Klaus Conzelmann), which contains a multiple cloning site, the antigenome sequence of the hepatitis delta virus ribozyme (HDR), and a T7 RNA polymerase transcription termination sequence. Based on pX12⌬T, an MG vector with the regulatory elements of antigenomic S RNA of Lassa virus AV, but without the reporter gene, was constructed in several cloning steps. It contained the following elements: T7 RNA polymerase promoter followed by 3 G residues, 3Ј untranslated region (UTR) with conserved terminus, cloning site I for fusion of a reporter gene with the start codon of the NP gene (site I, CAACcatgAGGTCTTCCTAAGAAGTGAAGACTGctagCCAG; the NP start codon is in boldface type, BbsI sites are underlined; cleavage with BbsI generates NcoI-and XbaI-compatible overhangs [lowercase letters] for reporter gene insertion), 3Ј end of the NP gene (47 nucleotides), complete IGR, 3Ј end of the GPC gene (45 nucleotides in antisense orientation), cloning site II for fusion of a reporter gene with the start codon of the GPC gene (site II, AGCCTCTAG AAGAATTCCCATGGTGTG; the GPC start codon [reverse complement] is in boldface type, the XbaI and NcoI sites for reporter gene insertion are underlined), 5Ј UTR with conserved terminus, HDR predicted to cleave after the last residue (G) of the conserved 5Ј terminus, and T7 terminator. The sequences of the Lassa virus elements in the MG vector exactly corresponded to the consensus sequence (GenBank accession no. AF246121 and sequences of the conserved termini as determined in this study).
The gene of humanized Renilla luciferase (Ren-Luc) was released from plasmid phRL-CMV (Promega) by NcoI and XbaI cleavage and inserted in antisense orientation into the MG vector via cloning site II, resulting in the antigenomic MG plasmid pLAS-agMG. To generate a genomic MG plasmid, the Ren-Luc gene was inserted in sense orientation into cloning site I, and the complete cassette, including the 3Ј to 5Ј terminal sequences, was amplified by PCR and reinserted in reverse orientation between the T7 promoter and HDR of a pX12⌬T derivative that had been modified to accommodate this insert. This procedure yielded the genomic MG plasmid pLAS-MG. The correct sequence of all functional elements of pLAS-agMG and pLAS-MG was ascertained by sequencing. Plasmids pLAS-agMG and pLAS-MG were further modified by inserting a single C residue between the conserved terminal sequence and the HDR sequence (pLAS-MG-C ϩ and pLAS-agMG-C ϩ ) by site-directed mutagenesis with the QuikChange kit.
For generation of runoff MGs, all functional elements of the MG cassette of pLAS-agMG or pLAS-MG, except for the HDR and T7 terminator sequences, were amplified by PCR with Pwo DNA polymerase (Roche) and a small amount (about 10 pg) of plasmid as a template. The PCR products showed 3Ј ends exactly corresponding to the 3Ј ends of antigenomic and genomic Lassa virus S RNA, respectively. The unmodified antigenomic runoff MG was amplified from pLAS-agMG with sense primer M13-forward and antisense primer LVS1d ϩ (CGCACCGGGGATCCTAGGCATTT; the conserved 3Ј terminus of antigenomic S RNA is underlined). To generate an antigenomic runoff MG with two G residues following the T7 promoter, the mutagenic primer LVag_T7-GG (TTGTAATACGACTCACTATAGGCGCACAGT; the T7 promoter is underlined with the downstream G residues in boldface type) was used as the sense primer. An antigenomic MG with one G residue was amplified with mutagenic primer LVag_T7-G (same sequence as LVag_T7-GG but with one G residue following the promoter sequence). In an analogous way, the unmodified genomic runoff MG was amplified from pLAS-MG with sense primer M13-forward and antisense primer LVSav3400 Ϫ (CGCACAGTGGATCCTAGGCTATTGGA; the conserved 3Ј terminus of genomic S RNA is underlined). Genomic runoff MGs with two and one G residues following the T7 promoter were generated with sense primers LV_T7-GG (TTGTAATACGACTCACTATAGGCGCAC CGG; the T7 promoter is underlined with the downstream G residues in boldface type) and LV_T7-G (same sequence as LV_T7-GG but with one G residue following the promoter sequence), respectively. Amplified DNA fragments were precipitated with ethanol, dissolved in water, and quantified spectrophotometrically.
MG runoff transcripts were synthesized in vitro by using the MEGAscript transcription kit (Ambion) and about 1 g of runoff MG DNA (i.e., PCR product) as a template. Following DNase I digestion, MG RNA was purified by using the RNeasy kit (QIAGEN) and quantified spectrophotometrically.
Cells and transfections. BSR T7/5 cells (7) (kindly provided by Ursula Buchholz and Karl-Klaus Conzelmann) stably expressing T7 RNA polymerase and BHK-21 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) and antibiotics. Every second passage, 1 mg of G418 per ml of medium was added to the BSR T7/5 cells. One Luciferase assay. One day after transfection, cells were lysed in 500 or 100 l of passive lysis buffer (Promega) per well of a 6-or 24-well plate, respectively, and 20 l of the lysate was assayed for firefly luciferase and Ren-Luc activity by using the Dual-Luciferase Reporter assay system (Promega) as described by the manufacturer.
Antisera. Lassa virus NP and Z proteins were expressed in bacteria and purified via His tag affinity chromatography as described previously (23) . Rabbits were immunized and received boosters three times with the purified proteins with complete and incomplete Freud's adjuvant, respectively.
Immunoblot analysis. Cells from a well of a six-well plate were harvested and lysed in 100 l of Triton X-100 lysis buffer 2 days after transfection or 3 days after Lassa virus infection. Nuclei were pelleted by centrifugation, and cytoplasmic lysate was mixed 1:1 with 2ϫ sodium dodecyl sulfate (SDS) lysis buffer (100 mM Tris-HCl [pH 6.8], 20% glycerol, 2% SDS, 0.1% bromophenol blue, and 0.1 M dithiothreitol). Proteins were separated on a 4 to 12% NuPAGE Bis-Tris gradient gel (Invitrogen), transferred to a nitrocellulose membrane (Schleicher & Schuell), and visualized by staining with 0.5% Ponceau red-1% acetic acid for 10 min. Membranes were blocked with 1ϫ Roti-Block (Roth) overnight at room temperature and incubated with rabbit anti-Lassa NP (1:5,000), rabbit anti-Lassa Z (1:1,000), or anti-FLAG M2 monoclonal antibody (1 g/ml) (Sigma-Aldrich) in Tris-buffered saline-0.2ϫ Roti-Block for 2 h at room temperature. After washing, blots were incubated with horseradish peroxidase-coupled secondary antibodies (1:10,000) (Dianova) for 1 h at room temperature. Protein bands were visualized by chemiluminescence with SuperSignal West Pico substrate (Pierce) and X-ray film (Kodak).
Northern (RNA) blot analysis. Total RNA of transfected cells was purified by using the RNeasy kit (QIAGEN). RNA (10 g) was separated on a 1.5% agarose-formaldehyde gel and transferred onto a Hybond N ϩ membrane (Amersham Pharmacia Biotech). Blots were prehybridized in 50% deionized formamide-0.5% SDS-5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-5ϫ Denhardt's solution for 1 h at 68°C. Hybridization was done in the same buffer with sense or antisense 32 Nucleotide sequence accession number. Sequences reported in this article have been sent to GenBank (update to AF24612).
RESULTS

Construction of plasmids for expression of Lassa virus proteins.
Lassa virus strain AV, which had been previously isolated from a patient with fulminant Lassa fever (24) , was selected as a basis for the replicon system. Expression plasmids for NP, L protein, and Z protein and genomic and antigenomic MGs containing a reporter gene were constructed in analogy to published replicon systems for arenaviruses and other segmented negative-strand viruses (31, 32, 59 ). Since Lassa virus replicates in the cytoplasm of a cell, the cytoplasmic T7 RNA polymerase system (16, 19) was chosen for the expression of both virus proteins and the MG. NP and Z genes were cloned as a whole while the large L gene was cloned in three fragments (Fig. 1) . The amino acid sequence of the cloned genes exactly corresponded to the previously determined consensus (18) . To verify expression of NP, Z protein, and L protein from the plasmids pCITE-NP, pCITE-Z, and pCITE-L ( Fig. 2A) , respectively, BHK-21 cells were infected with MVA-T7 and transfected with the corresponding plasmid. Z protein and NP were detected by Western blotting with Z protein-and NPspecific antibodies, respectively. Both proteins had the predicted molecular weights, and the electrophoretic mobility of plasmid-expressed NP corresponded to that of NP expressed in Lassa virus-infected cells (Fig. 3A and B) . To demonstrate full-length expression of L protein and to substantiate the data obtained for NP, a FLAG sequence was fused to the N and C termini of both proteins. Protein expression from the modified expression plasmids was analyzed by immunoblotting with monoclonal anti-FLAG antibody. N-and C-terminally tagged versions of NP and L protein showed the predicted molecular weights, indicating that both proteins were expressed at their full lengths ( Fig. 3C and D) . Construction of plasmids for MG expression. Plasmids pLAS-MG and pLAS-agMG were constructed for expression of genomic and antigenomic Lassa virus S RNA analogues, respectively. Plasmid pLAS-MG contained the following functional elements: T7 promoter followed by three G residues, providing optimal context for transcription initiation (26); 5Ј UTR, including conserved terminal sequence; IGR; Renilla luciferase (Ren-Luc) reporter gene in antisense orientation; 3Ј UTR, including conserved terminal sequence; HDR; and T7 terminator. Plasmid pLAS-agMG contained the same regulatory Lassa virus elements between the T7 promoter and HDR sequence but in the following order: 3Ј UTR, IGR, Ren-Luc gene in antisense orientation, and 5Ј UTR. A schematic drawing for the plasmid-integrated MGs is shown in Fig. 2B (top) .
The HDR was expected to autolytically cleave the MG RNA after the last G residue of the Lassa virus terminal sequence. To verify HDR activity, both MG plasmids were in vitro transcribed with T7 RNA polymerase and the RNA was analyzed on an agarose gel. However, no RNA processing was observed (data not shown). Therefore, a C residue was inserted at the cleavage site. This modification has been reported to increase HDR activity without affecting LCMV replicon activity (46) . pLAS-agMG-C ϩ ) revealed that 30 to 50% of the in vitrotranscribed RNA was autolytically cleaved (data not shown).
Establishment of Lassa virus replicon system. Two sets of tests were performed to figure out the optimal experimental setting for the replicon system. Three types of MGs were tested in each set. First, plasmids pLAS-MG-C ϩ and pLAS-agMG-C ϩ were directly used for MG expression (Fig. 2B, top) . Second, DNA fragments lacking the vector backbone were used for MG expression (Fig. 2B, middle) . These runoff MGs were generated by PCR with pLAS-agMG or pLAS-MG as a template. They contained all functional elements of the MG cassette, except for the HDR and T7 terminator sequences, and their 3Ј ends exactly corresponded to the 3Ј ends of antigenomic and genomic Lassa virus S RNA, respectively. The third type of MG was runoff RNA, synthesized by in vitro transcription of the runoff MG DNA with T7 RNA polymerase (Fig. 2B,  bottom) .
In the first set of tests, T7 RNA polymerase expressed by MVA-T7 was used to drive the synthesis of virus proteins and MG. BHK-21 cells were infected with MVA-T7 and transfected with pCITE-NP, pCITE-L, and MG either in the form of plasmid, runoff DNA, or runoff RNA. In the second set of tests, the same constructs were transfected in BSR T7/5 cells that stably express T7 RNA polymerase. In control experiments, pCITE-NP or pCITE-L was omitted from the transfection mixture. Ren-Luc activity, indicating transcription of the MG, was measured at 24 h posttransfection.
High levels of Ren-Luc activity and low background in the controls was observed if runoff MGs were transfected in BSR T7/5 cells, independent of whether PCR fragments or in vitro transcripts were used (Fig. 4) . Therefore, this experimental setting was chosen for further optimization. In all experiments performed with MVA-T7, a high unspecific Ren-Luc reactivity was observed in the controls. There was no evidence of specific replicon activity with MG plasmid or runoff DNA, whereas some specific activity (eightfold increase compared to the control) was observed after transfection of genomic runoff RNA (data not shown). Similarly, high background and low specific activity, if at all, was seen after transfection of the plasmidbased MGs in BSR T7/5 cells (data not shown).
The presence of pCITE-Z was not required for expression of Ren-Luc in the runoff MG/BSR T7/5 replicon system, showing that L protein and NP are the minimal trans-acting factors required for RNA synthesis mediated by Lassa virus polymerase. The minimal cis-acting elements are the 5Ј UTR, IGR, and 3Ј UTR on both genomic and antigenomic RNA.
Modification of the 5 end of MG. The 3Ј and 5Ј terminal sequences are highly conserved among all arenaviruses, and minor modification of these sequences can dramatically influence the transcription and replication activity of the LCMV replicon system (46) . While the runoff MGs have authentic 3Ј ends, their 5Ј ends do not correspond to the termini of Lassa virus RNA because of the 3 G residues that were attached to the 5Ј end to enhance T7 promoter activity. In fact, one non- To convert the 5Ј end stepwise into the authentic sequence, one or two of the G residues were removed from the runoff MGs by mutagenesis. According to T7 promoter mapping studies (26) , the resulting sequences at the initiation site of the T7 RNA polymerase (G ϩ1 GC and G ϩ1 CG after removal of one and two G residues, respectively) are still compatible with high promoter activity. Complete removal of all nontemplated G residues would generate an initiation sequence (C ϩ1 GG) that is no longer compatible with an active T7 promoter (26) .
Genomic and antigenomic runoff MGs with one to three nontemplated G residues at the 5Ј end were generated by PCR (Fig. 4, upper panels) and transfected directly as DNA fragments or after in vitro transcription into BSR T7/5 cells, together with the expression plasmids for NP and L protein.
Removal of G residues from the 5Ј end of the genomic MG enhanced specific Ren-Luc expression by 1 to 2 log units, irrespective of whether MG DNA or RNA was transfected (Fig. 4A) . The effect was also observed if the antigenomic MG was transfected as RNA (Fig. 4B) , indicating a positive effect of the mutations on the Lassa virus promoter. However, the effect was not observed if antigenomic DNA fragments were used (Fig. 4B) . The removal of the G residues probably downregulates the T7 promoter on the antigenomic DNA construct, and this adverse effect obscures the positive effect of the mutations on the Lassa virus promoter. In summary, these results indicate that nontemplated residues at the 5Ј ends of genomic and antigenomic RNA decrease the activity of the Lassa virus promoter. The highest Ren-Luc activity was observed with the genomic runoff MG with one nontemplated 5Ј G residue (Fig. 
4A, construct 1G). This MG was used in all further experiments (called genomic MG).
Optimal ratios of MG, NP, and L protein constructs. To further maximize replicon activity, the optimal ratios of the components, i.e., genomic MG, pCITE-NP, and pCITE-L, were determined. First, variable ratios of pCITE-NP to pCITE-L were cotransfected with a fixed amount of genomic MG DNA. The maximum activity was observed if both expression plasmids were present in equal amounts, reflecting a molar ratio of pCITE-NP to pCITE-L of about 2:1 (Fig. 5A) . Second, changing the ratio of MG DNA to protein expression plasmids revealed maximum Ren-Luc activity at a ratio of MG to each expression plasmid of 1:1 (Fig. 5B) . Taking both experiments together, replicon activity is maximal at a ratio of MG DNA to pCITE-NP to pCITE-L of 1:1:1. The same optimal ratios were obtained when MG RNA was used (data not shown).
Time kinetics of replicon activity. To determine the time kinetics of replicon activity, pCITE-NP, pCITE-L, and genomic MG DNA were transfected in several wells and one well was harvested every 12 h over a time period of 96 h. A sharp maximum of Ren-Luc activity was reached 24 to 36 h after transfection; thereafter, the activity returned to background values (Fig. 6A) . Essentially, the same kinetics were observed after transfection of MG RNA (Fig. 6B) . The expression of firefly luciferase from the T7 RNA polymerase-driven control plasmid pCITE-FF-luc also followed these kinetics. This suggests that a decrease in T7 RNA polymerase-mediated expression of the replicon components accounts for the rapid decrease of replicon activity after 36 h.
Northern blot analysis of MG transcription and replication. To provide more evidence for replicon functionality, the synthesis of genomic RNA, Ren-Luc mRNA, and antigenomic RNA was measured by RNA blot analysis during the maximum of Ren-Luc activity. BSR T7/5 cells were transfected with genomic MG DNA, pCITE-NP, and pCITE-L. In control experiments, empty pCITE vector was transfected instead of pCITE-L. Cells were harvested for isolation of total cellular RNA at 0, 6, 24, and 36 h posttransfection. Genomic RNA was detected with a Ren-Luc sense probe, and Ren-Luc mRNA and antigenomic RNA were detected with a Ren-Luc antisense probe. Figure 7 shows the blots and the quantitative evaluation of the experiments. Synthesis of Ren-Luc mRNA and antigenomic RNA was observed if pCITE-L was present in the transfection mixture but not in the control experiments (Fig. 7A) , demonstrating that the Lassa virus polymerase has synthesized this RNA. Ren-Luc mRNA and antigenomic RNA could not be distinguished on the blot, as both RNA species hardly differ in length. The first RNA signal was already seen at 6 h after transfection (Fig. 7A, insert) . The time kinetics of Ren-Luc mRNA and antigenomic RNA steady-state levels with a maximum at 24 h faithfully reflected the expression levels of RenLuc as measured in the luciferase assay (compare Ren-Luc mRNA and antigenomic RNA levels in Fig. 7C with Ren-Luc levels in Fig. 6A ). This is consistent with the assumption that a substantial fraction of the RNA corresponds to Ren-Luc mRNA.
The synthesis of genomic RNA by Lassa virus polymerase could be measured only indirectly. The reason for this is that the genomic RNA in cells with an active replicon is a mixture of molecules. One fraction is synthesized from the runoff MG by T7 RNA polymerase (input RNA), and the other fraction results from the replication of the antigenomic RNA by Lassa virus polymerase. Control cells lacking L protein solely contain input RNA (Fig. 7B, lanes Ϫ) . A quantitative evaluation of the blot shows that the levels of genomic RNA in cells with L protein were higher than in control cells at all time points (Fig.  7C) . Apparently, the Lassa virus polymerase has synthesized a large fraction of the RNA in cells with L protein. Genomic RNA produced by L protein already appeared 6 h after transfection, which is consistent with the detection of the corresponding template RNA, i.e., antigenomic RNA, at this time point (Fig. 7A, insert) . The difference from the control cells (Fig. 7C ) was most obvious 36 h after transfection. At this time, a high level of genomic RNA was detected in cells with L protein while input RNA in the control cells was close to the background (Fig. 7B, compare lanes ϩ and Ϫ at 36 h ). This suggests that the genomic RNA detected at this time point almost exclusively originated from the replication of antigenomic RNA. The disappearance of the input RNA at 36 h after transfection is consistent with the disappearance of firefly luciferase expressed from control plasmid pCITE-FF-luc at 60 h after transfection (Fig. 6) . Considering the delayed synthesis of protein relative to RNA, the observations suggest that T7 RNA polymerase-mediated transcription ceases 24 to 36 h after transfection of BSR T7/5 cells while L protein-mediated transcription and replication continue until the concentrations of L protein and NP drop below the critical level. In conclusion, RNA blot analysis and the Ren-Luc assay provide evidence that the Lassa virus replicon system is capable of performing both transcription and replication of the MG.
Influence of Z protein expression on replicon activity. An inhibitory effect of Z protein was previously demonstrated with the LCMV and Tacaribe virus replicon systems (12, 32) . We therefore wondered whether a similar effect is also observed in the Lassa virus replicon system. Various amounts of pCITE-Z were cotransfected with pCITE-NP, pCITE-L, and genomic MG DNA or RNA. As little as 16 ng of pCITE-Z caused a significant reduction of Ren-Luc activity, and higher amounts of pCITE-Z inhibited the replicon activity by up to 3 orders of magnitude. The effect was independent of whether MG DNA or RNA was transfected (Fig. 8 and data not shown) . Thus, Lassa virus Z protein has an inhibitory effect on transcription and/or replication of Lassa virus within the replicon context.
Inhibition of the replicon system by ribavirin. Ribavirin is currently the only available drug with proven therapeutic efficiency in patients with Lassa fever (35) . However, the mode of Fig. 4A ), 2.7 g of pCITE-NP, 2.7 g of pCITE-L, and 100 ng of pCITE-FF-luc (lanes ϩ). In control experiments, pCITE-L was replaced by empty pCITE-2 (lanes Ϫ). Total RNA was isolated at different time posttransfection, and Northern blot hybridization was performed with a 32 P-labeled antisense probe of the Ren-Luc gene. The insert in the lower left corner shows the signal area of lanes 0 h and 6 h with enhanced contrast. The methylene blue-stained 28S rRNA is shown below the blot as a semiquantitative marker for gel loading and RNA transfer. action of the drug against Lassa virus is still not known. In a first attempt to narrow down the steps in the virus life cycle targeted by the drug, we tested whether ribavirin inhibits the Lassa virus replicon system. BSR T7/5 cells were transfected with genomic MG DNA, pCITE-NP, and pCITE-L, and ribavirin was added to the cells 4 h after transfection. Plasmid pCITE-FF-luc expressing firefly luciferase under the control of the T7 promoter was cotransfected as an internal reference. The Ren-Luc values of the replicon were standardized with the firefly luciferase values of the internal reference to correct for variations in transfection efficacy and unspecific effects of the drug. Ribavirin specifically inhibited the activity of the replicon by 2 log units at concentrations of 50 g/ml (Fig. 9A ). Therefore, it is likely that the drug acts at the level of replication or transcription of Lassa virus.
Inhibition of the replicon system by IFN-␣.
Recently, it has been demonstrated that Lassa virus replication can be inhibited by IFN-␣ in vitro (2) . To test whether the Lassa virus replicon system is also susceptible to this cytokine, BSR T7/5 cells were preincubated with human IFN-␣ for 24 h and then transfected with the replicon components as well as with the internal reference plasmid. The cytokine was again added after transfection. IFN-␣ specifically inhibited replicon activity by up to 2 log units at concentrations of 1,000 U/ml (Fig. 9B) , suggesting that it interferes with Lassa virus replication or transcription. The data obtained with ribavirin and IFN-␣ also demonstrate that the Lassa virus replicon system may be used for testing of antivirals outside BSL-4 laboratories.
DISCUSSION
This study describes the establishment of a replicon system for Lassa virus. It was based on T7 RNA polymerase-driven expression of MG and virus proteins. The MG contained RenLuc as a reporter gene, providing a broad dynamic range for measurement of replicon activity. The use of IRES sequences for protein expression rendered the system independent of vaccinia virus. The replicon was functional with genomic and antigenomic runoff MGs. It was optimized with respect to the ratios of the main components and by modifying the 5Ј end of the MG. The signal-to-background ratio was 2 to 3 log units. Maximum activity was observed during a period 24 to 36 h after transfection. Northern blot analysis provided evidence that the system is capable of replicating and transcribing the MG. Z protein strongly inhibited replicon activity. Both ribavirin and IFN-␣ interfered with the reporter gene expression of the replicon.
Replicon systems for the arenaviruses LCMV and Tacaribe have been previously established (31, 32) . The system for Lassa virus as described here has many aspects in common with the other systems, but there are also differences. For example, the Lassa virus replicon was functional without vaccinia virus infection, which was required for the first LCMV system and the Tacaribe virus system. More recently, LCMV RNA analogs were rescued by using an RNA polymerase I-based system, which also circumvents the use of vaccinia virus (48) . Vaccinia virus expresses an array of enzymes in the cytoplasm. While some of these enzymes, for example those involved in mRNA capping and polyadenylation (18) , are important for protein expression in some replicon systems, others may adversely affect replicon functions or obscure effects in mutational studies (53) . This is excluded in the Lassa virus system as well as in the RNA polymerase I-based LCMV system.
Another difference from existing systems concerns the expression of the MG. The Lassa virus replicon was only functional with runoff MG transfected as DNA or RNA. This strategy of MG expression was rather less successful in reverse genetics projects in the past (11) . In this study, the runoff MGs were generated and transfected as PCR fragments, a strategy that obviates cloning and can facilitate MG modification by PCR in future mutagenesis studies. Although the plasmidexpressed MG RNA was processed by HDR, at least after insertion of a C residue as recommended by a previous study (46) , no specific replicon activity was observed with these constructs. This contrasts with the LCMV replicon, which was more active with the plasmid-expressed MG than the runoff MG (31) . Technical variations such as the use of an LCMVspecific ribozyme rather than HDR for cleavage may account for the differences. A possible disadvantage of the runoff method compared to ribozyme cleavage is microheterogeneity at the 3Ј end of the MG input RNA. T7 RNA polymerase is known to add a nontemplated nucleotide, preferably A or C, to the 3Ј end of about half of the RNA transcripts (28, 41) . This effect has been observed with cell-free reactions and is likely to occur also during RNA polymerization within cells. In model assays, this effect can be efficiently suppressed by using chemically modified nucleotides at the 5Ј end of the DNA template strand (28) . Experiments are under way to elucidate whether this approach can further enhance the activity of the Lassa virus replicon.
A major problem was the high unspecific luciferase activity observed after infection with MVA-T7. Our data do not exclude that MVA-T7-expressed T7 RNA polymerase supports transcription and replication of the MG. Indeed, we found some activity with the genomic runoff RNA. However, with the plasmid-and PCR fragment-based MGs, the Ren-Luc levels in the absence of L protein were so high that specific signals could not be distinguished from unspecific activity. Similar problems with this recombinant virus were reported previously in the establishment of reverse genetic systems for filoviruses (45) . The simplest explanation for these observations would be that MVA expresses enzymes that are capable of transcribing RNA from hidden promoters on the transfected MG constructs. Furthermore, besides its DNA-dependent activity, T7 RNA polymerase is also able to transcribe or even replicate RNA molecules (6, 10) . In conjunction with MVA-specific enzymes for capping and polyadenylation, this RNA-dependent RNA polymerase activity may have contributed to the high unspecific expression level of Ren-Luc mRNA. Noteworthy, the LCMV and Tacaribe virus replicon systems (31, 32) were established using a different vaccinia virus as a source for T7 RNA polymerase expression, namely vTF7-3, which is based on the Western Reserve strain (19) . In contrast to the Western Reserve strain, MVA is highly attenuated and contains several deletions that make up 15% the genome size (40) . It is likely that both virus strains differ with respect to many biological parameters that are also relevant to reverse genetics systems. For example, MVA-T7, but not vTF7-3, interferes with Marburg virus glycoprotein processing (53) .
We also noticed Ren-Luc activity of 10 3 to 10 4 relative light units (RLU) in BSR T7/5 cells containing runoff MG but lacking L protein and NP. This background is still 10-to 100-fold above the cutoff of the luciferase assay as determined with nontransfected cells. Cellular enzymes as well as the above mentioned RNA-dependent activity of T7 RNA polymerase (6, 10) are presumably involved in this unspecific Ren-Luc expression. Importantly, in contrast to the much higher background produced by MVA-T7, this unspecific activity did not obscure the specific activity of the replicon which showed a sharp peak at 24 to 36 h after transfection with 10 6 to 10 7 RLU.
Thereafter, the activity decreased. Since the expression of the T7 RNA polymerase-driven control plasmid exactly followed these kinetics, it is likely that the decrease in activity is not the result of a regulated process but reflects the degradation of input DNA and RNA that served as the templates for expression of Lassa virus proteins and MG. The data obtained with the replicon system indicate that the minimal cis-acting elements required for Lassa virus replication and transcription are the 5Ј and 3Ј UTRs and the IGR. The minimal trans-acting factors are L protein and NP, whereas Z protein has a strong inhibitory effect. This is in agreement with the studies of LCMV and Tacaribe virus (31, 32) , supporting the notion that arenaviruses share a common replication and transcription mechanism, at least in gross terms. The number of nontemplated nucleotides at the 5Ј end of the Lassa virus MG was inversely correlated with replicon activity. This is consistent with the high degree of conservation of the genomic ends and their importance in replication and transcription of the LCMV replicon (46) . Since arenavirus RNA species with nontemplated 5Ј nucleotides are generated during infection (3, 21, 38, 39, 50, 51) , it may be that the addition of nontemplated nucleotides represents a means of regulation of promoter strength.
The Northern blot data provide evidence for replication and transcription being performed by the replicon. A quantitative analysis of the genomic RNA level 36 h after transfection indicates a 10-to 20-fold excess of genomic RNA in cells with an active replicon compared to control cells. This suggests a single input RNA molecule made by T7 RNA polymerase had been replicated 10 to 20 times by the Lassa virus polymerase. This estimate is larger than that for MG replication by the initial vaccinia virus-based LCMV replicon (less than 2-fold) and in the same order of magnitude as the estimation made for the LCMV replicon based on cellular RNA polymerase I expression (70-fold) (48) . Due to its characteristics, the Lassa virus replicon system may facilitate studies with the aim of dissecting the molecular mechanisms of replication and transcription.
In the past, the testing of antiviral compounds against Lassa virus was greatly hampered by its classification as a level 4 pathogen. Most antiviral tests were performed with related, less-pathogenic arenaviruses (1). The replicon system offers an alternative for testing antiviral compounds against Lassa virus outside the BSL-4 laboratory. However, the system is only suitable for the testing of compounds that interact at the level of ribonucleoprotein assembly, RNA replication, or transcription. Since it is independent of vaccinia virus infection, possible confounding drug effects on vaccinia virus replication or gene expression need not be taken into account. Inclusion of a T7 promoter-driven control plasmid expressing firefly luciferase served as an internal reference for potential effects of the drug on T7 RNA polymerase or cell viability. Replicon activity (Ren-Luc) and internal reference (firefly luciferase) display a dynamic range over several orders of magnitude, and both can be measured simultaneously with commercially available reagents.
The suitability of the system for testing antivirals has been exemplified with ribavirin and IFN-␣. Inhibition of replicon activity by ribavirin was also observed with the LCMV replicon using the vaccinia virus expression system (52) . Our data ex-tend these findings to Lassa virus and indicate that the drug directly acts on the replicon because inhibition of vaccinia virus by ribavirin (29) cannot play a role. In an in vitro infection system, ribavirin inhibited replication of Lassa virus strain AV with a 50% inhibitory concentration of 9 g/ml and a 90% inhibitory concentration of 14 g/ml (25) . Both values are well in agreement with the inhibition kinetics that were observed with the strain AV-based replicon system, suggesting that the replicon system indeed mirrors the effect of the drug on infectious virus.
Ribavirin is a nucleoside analogue, and it was recently proposed to act by inducing an error catastrophe in some virus infections. When incorporated into the progeny RNA, as shown with poliovirus, it induces mutations that eventually render the virus population inviable (called lethal mutagenesis) (14, 15) . Although it cannot be excluded that short cis-acting viral elements are affected, it is more likely that mutations interfere with protein functions. However, in the replicon system, the proteins are synthesized from the plasmid and they cannot undergo mutation. Therefore, the data shown here do not support the hypothesis that ribavirin inhibits Lassa virus via lethal mutagenesis, which is also in agreement with the observation that ribavirin does not increase the mutation frequency during LCMV multiplication in cell culture (52) . The mode of action remains speculative. According to the replicon data, the drug probably interferes with steps during replication and transcription, either directly (22) or by inhibition of cellular enzymes important in nucleotide metabolism (56) .
The second substance that was tested in the replicon system was IFN-␣. This cytokine suppresses multiplication of Lassa virus by about 1 log unit in vitro (2) . A similar degree of inhibition was observed in the replicon system, substantiating the previous observations and the rationale for designing antiviral strategies against Lassa fever with the aim of enhancing the IFN response. The fact that natural human IFN-␣ (a mixture of different IFN-␣ species) was obviously active on a rodent (hamster) cell line (BSR T7/5 is derived from a BHK-21 subclone) (7) was somewhat surprising and indicates extensive cross-reactivity of human IFN-␣. IFN-␥ and tumor necrosis factor alpha were also tested, but no effect was observed. It is unclear whether the hamster cell line is refractory to these cytokines or whether the replicon is resistant to the antiviral state induced by these cytokines in these cells.
In conclusion, this study describes the first replicon system for a highly pathogenic arenavirus, namely Lassa virus. It will serve as a tool to gain insights into the mechanisms of replication and transcription of this pathogen and facilitate the testing of antivirals outside a BSL-4 laboratory.
